Quick response time in emergency situation is critical to protect human lives. In the fast-growing cities, fire departments can fall behind the standard response time due to cities' expansion. This research focuses on ways to improve the response time of a city's emergency situation. A Non-linear Programming model is used to determine the locations of fire stations, so that they can cover the maximum number of residents, in terms of the geographical area and population. The model is applied to the city of Kingsville, Texas to check the practicability. The results of the research indicate that optimized locations make population coverage increment up to 15% and geographic coverage increment up to 21% with two fire stations. With three fire stations including a newly added fire station, the population coverage goes up to 48% increment and the geographic coverage increased up to 71%, which covers 88% of total city population.
Introduction
Quick response by emergency personnel to fires and medical crises plays a vital role in saving lives. Proper allocation of emergency response centers such as fire stations plays an important role in reducing fatality rates of emergency incidents (Ko et al., 2014) . According to U.S. Fire Administration (2018), fire is the leading cause of fatal accidents in the U.S. with 3,280 deaths and $14.3 billion in property damages occurred by 1,345,500 fires in 2015. Fire departments in the U.S. are often the first to respond to any type of emergency, and they have played this role since the country's very beginning. The development of modern firefighting forces in the U.S. has created innovations that have spread across the world. Today's fire departments are the first-line responders against death and damage in nearly every community in America (Walker et al., 1975) . The primary organization of firefighters in the U.S. is the National Fire Protection Association (NFPA), which was established in 1896 with the mission of eliminating or reducing death, injury, property damage, and economic loss due to fires and related hazards (NFPA, 2016) . Regardless of what agency provides the ultimate medical transportation and treatment, the fire service is the agency in the U.S. that first delivers on-scene healthcare services under true emergency conditions. The speed with which fire personnel can react and initiate action is thus a very significant factor in creating better health outcomes and preventing property damage. The response time of emergency vehicles depends on the location of incidents and the fastest route to the destination. Fire service-based Emergency Management System (EMS) is strategically positioned to deliver time-critical responses and effective first-on-scene patient care.
The main objective of this research is to use Nonlinear Programming (NLP) modeling technique to define the optimal location of fire stations and thus minimize the response time for fire and medical emergencies. The city of Kingsville, TX, was used as a case study to show the viability of this technique. City of Kingsville is currently one of the fastest-growing cities in the U.S., and in recent years its fire departments have struggled to contend with significant increases in emergency calls.
The current average response time of the City of Kingsville Fire Department is 4 minutes and 32 seconds. This is roughly 13% slower than the recommended standards of the NFPA. The reason for this relatively slow average response-time is primarily the booming population of Kingsville, which has overrun the ability of the city's emergency services to keep up. Since the population growth of the city shows no signs of slowing, the issue is only likely to worsen in the future unless the city's ability to provide emergency services is expanded. Many fast growing cities face the same challenge and the modeling approach developed in this study can help them better manage their resources.
The city of Kingsville, similar to many other cities in the U.S., has a railroad passing through the center of town, which divides the city into two parts. When trains are present, these crossings can significantly delay emergency response vehicles if they are coming from the other side of the tracks. Therefore, these railroad crossings cannot be neglected in any response-time optimization analysis. To achieve the objective of this research, first of all, the city of Kingsville was divided into 20 zones and the data, population and distances, is collected by each zone. Based on the data collected, the geographical coverage area and population coverage by the existing fire stations within the required response time are calculated. This research considered various scenarios, such as zone accessibility by railroad crossing, relocation of one or two stations, and impact of one additional station. For each scenario, the optimal locations were determined with maximum geographical coverage and population coverage.
Literature Review
The response time of fire agencies to get ready and carry equipment to the scene of an emergency at a particular time is critical. Figure 1 shows the activity chart of a fire emergency. According to the National Fire Protection Association (NFPA, 2016), the total Response Time (RT) can be defined from the time that a call is received by their emergency answering center to the arrival of the first emergency vehicle at the scene for the initiation of action. Figure 1 shows the cascading event chart for an emergency situation. The total response time includes turnout time and travel (to the scene) time. The standard turnout time is the time from station-acknowledged notification of the emergency until the time the response equipment departs from the station (Fire Engineering, 2004) . According to NFPA 1710 (NFPA, 2016) , the response time should be less than 240 seconds with less than 80 seconds of the turnout time.
Over the past few decades decision models have been developed for allocation of emergency facilities.
The Maximum Covering Location Problem (MCLP) is one of the most favored models for analyzing the positioning problem. Murray (2013) , Marianov et al. (1996) and Galvao et al. (1996) proposed using the MCLP approach to position fire stations. These researches were to ensure that the maximum population would be covered by at least one of the facilities. This method considered two constraints; all residents must be suitably served within the standards of NFPA by one or more of the fire stations and no more than certain numbers (with upper limits) of fire stations can be allocated with available resources.
The simplest of all covering problem approaches is the Location Set Covering Problem (LSCP), which seeks to minimize the number of facilities that are required to cover a specific area (Revelle et al., 1989) . The P-center problem is a very similar type of model, which seeks to locate a certain number of facilities in a way that covers the maximum amount of residents within the study area (Galvao et al., 1996) . BCLP (Backup Covering Location Problem) is another approach that has been used in addition to LSCP and MCLP. BCLP is a multi-objective mathematical function. In this approach the first objective is to maximize the total demand covered, and the second objective is to maximize total demand receiving coverage by two or more facilities (Murray et al., 2010) . Liu et al. (2006) developed an approach to optimizing the location of fire stations using a multi-objective model. In this approach three objectives were posited: maximizing the coverage of uncovered routes, achieving the reasonable distance between two fire stations, and maximizing the area served within the standard response time. Kwan et al. (2005) described how the response time is increased in an urban areas due to the impact of an emergency on the immediate environment at the street level.
The group decision-making process is another technique that has been adopted to reduce response time by mapping fire station in a metropolitan city (Chaudhry et al., 2016) . Factors such as land cover, distance from rivers, population density, and distance from roads are considered in the analysis as factors that affect the response time.
Various allocation models have been developed to address the problem of multiple simultaneous fire occurrences, such as first in/first out (FIFO), nearest territory, and the highest priority based on incident severity (Ozbay et al., 2003) . Using discrete event simulation modeling, target areas for improvement have been identified including optimized process flow, resource allocation, and operational policies (Chongsun et al., 2016) . Other researcher has developed a model based on a generalized assignment model (Fisher et al., 1986) . Schilling et al. (1980) and Badri et al. (1998) developed a complicated multi-objective location analysis that included 11 strategic objectives along with several system constraints. The constraints include monetary, demand, distance, time, target, overlapping, and water availability. These researchers added the additional objectives to an existing model to increase its details and performance. The main goal in this approach is to maximize fire engine coverage and a secondary goal is to maximize fire truck coverage. Lai et al. (2012) used genetic algorithm along with Bender's decomposition technique to solve the problem of vehicle routing problem. This combination helps to enhance the computation efficiency.
Apart from coverage problem research, additional studies have been carried out on operational problems related to the deployment of emergency vehicles. Queuing models and probabilistic demand models are the most common analyses in these operational contexts (Green et al., 2017) .
Model Development
To develop the NLP models for the optimal operations, in terms of the maximum coverage area within the standard RT and the maximum population coverage, in cases of emergency, first of all, the geographical coverage and population coverage by the current operation within the standard response time are calculated. Based on the data obtained by current operation, various mathematical models are made for different scenarios, including railway constraints and population constraints.
Assumptions for the Models
Several assumptions were made in the mathematical models.
 Average emergency vehicle speed of 30 mph was assumed.
 For each roadway turn 90 degree left or right (every turning point) on the way to an emergency location, an additional 3.5 seconds was added to the estimated travel time.
 Railway crossings were considered to be prohibitive (i.e. closed), so that a fire station can only access the city area on the same side of the tracks as its own location.
 Emergency calls are proportional to the population.
 Minimum distance with nearing fire station is 1.5 miles. This ensures that the fire station can cover area with minimum overlapping coverage.
Because the maximum travel distance in case of emergency to meet the standard RT is about 1.3 miles, the minimum distance between each station is assumed 1.5 miles. The city of Kingsville was divided into 20 different geographic zones, and data for each zone was collected, including total population, population density, and number of households (Onboard Informatics, 2018) . The current location of the city's fire stations resulted in average response time of 4 minutes 32 seconds; the goal of our analysis was to improve that time so that all or majority of responses were within the NFPA-recommended standard of 4 minutes. To reduce the response time, multiple possible scenarios were created and NLP models were developed for each scenario to estimate the average response time, land coverage, and population covered.
Coverage area within the Standard Response Time from Current Locations
To estimate the coverage of fire departments a simple distance formula is used. The method to find the area of overlapping regions is somewhat more complex. The following indices and parameters are used for the model. Δ Minimum distance between neighboring fire stations. 1.5 miles was used in this research.
Wi Weight based on the population of zone i.
Cj Binary value for railway constraint. 1 for the fire station j is available to access; 0 for not available due to a train passing.
xj Latitude of location of fire station j.
yj Longitude of location of fire station j.
The total response time is always greater than the sum of the turnout time and the travel time, then To + Tt ≤ Ts. According to NFPA 1710 response time (Ts) of 240 seconds and 80 seconds of the turnout time (To), the total travel time to meet the standard RT would be less than 160 seconds (NFPA, 2016).
The velocity can be defined as Velocity = Distance / Time, and applying the assumption of average speed of 30 mph, the maximum distance that an emergency vehicle can travel within the standard time is 1.3333 miles. Based on this distance calculation, the maximum area coverage of the City of Kingsville's current fire stations can be found. The following Figure 2 shows the area of coverage within the NFPA's recommended response time for the current fire station locations. The circle on the right in the Figure 2 indicates the covering area of the primary (head quarter) fire station. The circle on left in the Figure 2 shows the covering area of the branch station. As seen in the Figure 2 , there is a large overlapped region in the city's fire coverage, where both stations are within the 4-minute response time for some residents. To calculate the total geographic area of coverage, it is assumed that the coverage area for each station has the same radius: + = 2 × . However, this calculation includes overlapped region twice as seen in the Figure 3 . Thus, any overlapped region was subtracted from the total. In order to calculate the area of the overlapped region a "double lens" approach was used. Figure 3 shows two circles of equal radius R and with distance d between their two centers. The total area of overlapped region = 2 × area of half lens, so Hence, area covered by 2 fire stations = 2 × -Total area of overlapped region becomes For general, area covered by n number of fire stations = n * -Total area of overlapped region. This formula is applied to calculate the city's area coverage, which is 3.76 square miles. This is about 27.056% of total Kingsville city size, 13.9 sq. miles. The population covered at the 4-minute response time by current locations is 59.088%, which is about 15,000 out of the total 26,058 individuals.
The city of Kingsville fire departments received 3202 emergency calls per year. This is about 123 calls per every 1000 people. Based on this data, the number of calls for each zone is estimated as following Table 1 .
= 2 -
2× -2 - The portion of emergency calls for each zone is calculated by dividing expected number of calls by 100 and converting it to its nearest integer for the analysis. For example, in zone 1, the estimated number of emergency calls is 218 and divide by 100 becomes 2.18. So, nearest integer 2 is assigned. The weighted value (Wi) of each zone is calculated by dividing each portion of calls by total sum of portions.
NLP Models for Two Fire Stations
There are i potential zones to cover by j fire station, and the response time should be less than or equal to the standard response time of NFPA, which is a 4 minutes. The response time can be minimized by relocating the current fire stations. To make model more accurately, the reallocation of the fire stations should consider the constraints, such as boundary limitations, minimum distance between neighboring fire stations, railway crossings, and population constraints.
In this model, the number of zones (n) considered is 20, and the number of fire stations (m) is 2. Let (x1, y1) and (x2, y2) be the locations of two fire stations, then the following formula (5) shows the general NLP model to minimize distances from the fire stations to each zone.
C1 and C2 are the binary variables and used for the railway crossing constraint, which means that the fire station can access only locations that are on its own side of the railway. These values are 1 if a location is on the same side of the railway as the fire station, and 0 for those areas on the other side of the railway from the fire stations. This objective function is subjected to the following constraints, city boundaries and minimum distance for nearing fire stations. Because travel distance for emergency is about 1.3 miles, as seen in the model assumption section, the minimum distance (∆) between each fire station is set to 1.5 miles. For the boundary limits, the values are expressed in longitudes
and latitudes. Formula (6) shows the mathematical model with two fire stations.
Wi is 1 when the population constraint is not used (i.e. all zones are considered as equally populated). When population densities vary, this variable takes a weighted value. Considering all railway and population constraints, 8 scenarios were developed. 
NLP Models for Three Fire Stations
Because the city of Kingsville's residential areas are geographically widespread, two fire stations cannot cover all the zones. So, one additional station will give wider coverage of response time. In this model, the number of zones (n) considered is 19, and the number of fire stations (m) is 3. The objective is to minimize distances from the fire stations to each zone.
Similar to the two fire station model, Cj is used for the railway constraint, indicating whether or not an area is on the same side of the railroad tracks as the fire station. Wi is 1 when the population constraint is not used (i.e. all zones are considered as equally populated). When population densities vary, this variable takes a weighted value. This objective function is subjected to the constraints, such as upper and lower boundary limits and distances between each station. Formula (8) shows the mathematical model with three fire stations. 
Thus, in considering all railway and population constraints there are also 8 scenarios.
 Scenario 2.1: Constructing a new fire station without changing current locations, without a railway constraint, considering equally populated zones.
 Scenario 2.2: Constructing a new fire station without changing current locations, without a railway constraint, considering differently populated zones.
 Scenario 2.3: Constructing a new fire station while also changing current locations, without a railway constraint, considering equally populated zones.
 Scenario 2.4: Constructing a new fire station while also changing current locations, without a railway constraint, considering differently populated zones.
 Scenario 2.5: Constructing a new fire station without changing current locations, with a railway constraint, considering equally populated zones.
 Scenario 2.6: Constructing a new fire station without changing current locations, with a railway constraint, considering differently populated zones.
 Scenario 2.7: Constructing a new fire station while also changing current locations, with a railway constraint, considering equally populated zones.
 Scenario 2.8: Constructing a new fire station while also changing current locations, with a railway constraint, considering differently populated zones.
Results Analysis
Microsoft Excel Solver was used to solve these models for each scenario to determine the optimal current locations for the City of Kingsville's fire stations. The maximum possible benefits that were found using the NLP analysis for Scenario 1 (two fire stations) are presented in Tables 2. 
Studies in Engineering and Technology Vol. 6, No. 1; 2019 55 The response time from fire stations to the center of each zone is calculated. Table 3 shows the average response time with two fire stations. All cases satisfy the standard RT except one case, 1.3. 224.54 seconds The findings indicate that with two fire stations scenarios, the total coverage area for the residents within the NFPA standard response time can be increased up to 15% above the current coverage while still only using two fire stations. The difference in results between the cases where equal population density was assumed and the case where differences in population density was incorporated into the calculation demonstrates the tremendous importance of this variable. The results also show that if the varied density is considered, the locations of the fire stations can be much better optimized as seen in Tables 4. Tables 5, 6 and 7. Table 5 shows the percentage of area covered within the standard RT. The results of all cases shows a great improvement of coverage area with the maximum of about 71% increment. Table 6 shows the average response time of each cases with three stations. The results of all cases with three stations show less average response time than the current one. All of these average response times are less than the standard RT, 240 seconds. Table 7 shows the population coverage within the standard RT. The results shows that the population coverage is increased in all cases with three fire stations. These results indicate that the use of 3 fire stations can decrease average response time by roughly ten seconds, while also greatly expanding the percentage, up to 48% increment, of the city's residents who are covered with a 4-minute standard response time.
Conclusion and Discussion
Emergency includes natural disasters, car accident, health emergency, building fire and many more. Emergency services of fire department such as ambulance, fire truck or fire engine are equipped with necessary tools and personnel to deal with those emergencies. In the city of Kingsville, the average response time with current fire stations is 4 min 32 sec which is 272 seconds. According to NFPA 1710 response time should be within 4 min or 240 seconds.
The objective of this research is to minimize average response time using NLP technique. The combinations of constraints, such as railway constraint, population constraint and minimum distance between two fire stations, are used for NLP models. To check usability of models different cases are created with two main scenarios; for 2 fire stations and for 3 fire stations.
The results of this research for the case of 2 fire stations shows that the coverage area can be increased up to 15% and the population coverage can be increased up to 21% with 2 fire stations if the stations are relocated. Two fire stations cases show that relocating 2 stations still cannot cover some zones. Therefore, one more fire station is added to see how much of area can be covered with one additional fire stations. The results with 3 fire stations cases show that around 88% of Kingsville population can be reached within the standard RT. This population coverage is about 48% of increment compared with current operation, which is about 59% population coverage, and at least 71% increment of the geographical area coverage compared with current coverage, which is about 27%.
The research has raised few questions that need to be answered in future. The best location for fire stations can be found, but the research should be continued for the costs related to the relocation of fire stations and/or building new fire station. The objective of the mathematical models, considering cost of relocation, still should be the optimal covering area satisfying the standard RT, but the public safety and cost analysis should be included in the constraints to make the models more realistic.
